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Abstract 
A neural network model is presented, that extends principles of the VITE (vector 
integration to end-point) model [1, 2, 3, 4] of primate reaching to the more complex 
case of reach-grasp coordination. The main new planning problem addressed by the 
model is how to simulate human data on temporal coordination between reaching 
and grasping, while at the same time remaining stable and compensating for altered 
initial apertures and perturbations of object size and object location/ orientation. Sim-
ulations of the model replicate key features of four different experimental protocols 
with a single set of parameters. The proposed circuit computes reaching to grasp tra-
jectories in real-time, by continuously updating vector positioning commands, and 
with no precomputation of total or component movement times. The model consists 
of three generator channels: transport, which generates a reaching trajectory; aper-
ture, which controls distance between thumb and index finger; and orientation, which 
controls hand orientation vis-a-vis target's orientation. 
1 Introduction 
The act of reaching and grasping is usually divided into two distinct components: hand 
transport and hand aperture control. The transport component consists of a single phase 
which involves the movement of the wrist from an initial position to a final position that 
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is close to the object to be reached. The aperture component consists of two sequential 
phases: preshape, which opens the hand to a maximum aperture, and enclosing, which 
reduces the aperture until the fingers contact the object. A third component, wrist orien-
tation, quantifies the change in wrist orientation with respect to the arm, so that the hand 
is in a feasible position to grasp the object. 
The features of a prehension movement can be appreciated by describing the transport 
kinematics and aperture formation. The transport velocity exhibits a unimodal, symmet-
rical velocity profile typical of point-to-point movements. The hand aperture shows an 
opening to a maximum aperture, and then closing to the object size. Furthermore, there 
is a parallel evolution of both processes, such that they initiate and terminate approxi-
mately simultaneously. The question arises as to how the timing of the two processes is 
coordinated in a way that is robust, that is, that naturally adapts to perturbations. The 
present paper addresses this question, to show how a biologically-based neural network 
can model adaptive coordination in reaching to grasp static objects. 
1.1 Data constraints 
There is a temporal landmark for occurrence of maximum hand aperture (MA) with respect to 
movement time (MT). Wallace and Weeks [5] instructed subjects to grasp a small object at 
different distances and within a specified MT. MA was observed to occur at 61-67.8')(, of 
MT. Similarly, Jeannerod [6], using different object widths and distances, found a small 
band of relative timing of MA (74%-81 'Yo). Further, Paulignan and jeannerod [7] reported 
MA occurrence at 70-80"/, of MT, and Jakobson and Goodale [8] noted MA to occur right 
after 2/3 of MT. 
Larger MAs have been empirically associated with faster movements. Wing et a! [9] in-
structed subjects to grasp objects at two speeds, normal and fast. The normal speed was 
chosen by the subject and the fast one was as fast as possible without dropping the object. 
It was observed that when movements were faster, MA was larger. 
Experiments with an initially wide hand aperture show a tight coupling between reach and 
grasp, especially at the end of movement. Saling et a! [10] experimented with two types of 
grasping, normal and altered. A normal grasp initiated with the fingers relaxed, whereas 
an altered grasp initiated with the fingers maximally extended. Representative trials of 
those experiments are shown in the left column of Fig. 2, which depicts, for the altered 
case, an initial aperture reduction phase followed, sometimes after a pause (zero value 
of the velocity trace), by a small or no reopening of the grip aperture, and then the final 
enclosing phase. In addition, the enclosing phase appeared to begin at or just before the 
time typical for normal prehension. 
Switching to a new target object causes a reduction in aperture and then a reopening, as well 
as an elongation of MT. Paulignan et a!. [11] investigated the effects of perturbations to 
object location on the coordination between transport and aperture control. In these ex-
periments, the position of the object was unexpectedly shifted at movement onset. Two 
transparent objects were used, and the illumination could be switched from one object to 
the other. The objects were located at either 20° and 10° or 20° and 30° with respect to the 
body midline. Both components, transport and aperture, were affected by the perturba-
tion. MT was elongated to allow for corrections in movement. Paulignan eta! reported a 
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250-290 ms delay before correction of the wrist trajectory and a lengthening by 100 ms of 
MT. 
When object size is perturbed, MT is lenghtened, as needed for corrections. Paulignan et 
a!. [12] conducted experiments with small and large objects. The objects were transparent, 
and either the small or the large one was illuminated. The perturbations of object size 
were introduced at movement onset. The left column of Fig. 3 illustrates the effects of 
small-to-large (S-L) and large-to-small (L-S) perturbations on the grasping kinematics. In 
the S-L perturbation, the grip aperture first increases to the peak corresponding to the 
small object, and then increases again to a maximum aperture corresponding to the large 
object, to finally close around the object. The S-L perturbation gave rise to an elongation 
ofMT. 
1.2 Prior models of reach-grasp coordination 
1.2.1 The Hoff-Arbib model 
In the Hoff and Arbib model [13], estimated times for transport and opening are applied 
to coordinate transport with aperture control. First, prior to movement initiation, reach-
ing distance and object size are estimated, based on visual information. Next, reaching 
distance and object size are used to estimate transport MT, and object size is used to 
estimate opening time (OT). Then, enclose time (ET), which is assumed constant for a 
particular task, is added to OT, to form a second estimated MT. Finally, the maximum of 
the two MT estimates is used as the actual transport MT. To compute OT, ET is then sub-
tracted from MT. Thus the model adjusts the component times to accomodate the fixed 
ET. 
After the pre-movement stage, transport and opening controllers are activated con-
currently; opening controller goal achievement triggers the activation of an enclose con-
troller. The transport controller is a feedback controller with a cost function that penalizes 
inaccuracy, variability, and lack of smoothness in the movement trajectory. The controllers 
for opening and enclose are feedback controllers with an optimization criterion that as-
signs costs to hand opening and closing acceleration. We sought a model that could ex-
plain the data without such pre-timing and optimization computations. 
1.2.2 The Haggard-Wing model 
In the Haggard and Wing [14] model, both processes, transport and aperture control, have 
access to each other's spatial state. The model performs on-line error-driven corrections 
of a trajectory from a present position, Pi, to a target position, T;. Coupling terms made 
each component dependent on the other's activity: 
where DVr is the difference between transport target position (Tr) and the current hand 
position (Pr); and DV;~ is the current difference between target aperture (T11 ) and present 
aperture (P11 ). 6.Pr and 6.P;~ are increments in position that drive the states of transport 
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and aperture towards their target states. Coupling constants o: and 6 are the influence that 
each component's DV exerts over its own position change, whereas f) is the influence that 
DVA exerts over PT, and 1 is the influence that DV:r exerts over PA. With these fixed gains, 
the algorithm is executed iteratively, continuously updating DV:r and DVA. The effect of 
reaching a MA larger than object size is achieved by the influence of the constant gain 1 of 
the transport component's effect over the aperture component. To improve the realism of 
the velocity profiles produced by this spatial generator, an extension made Ti move from 
the initial Pi values to their final values at a constant velocity [see 15]. We sought a model 
that avoided an unbiological "constant velocity" assumption. 
2 Methods 
2.1 Circuit structure 
The planning problem in reaching and grasping coordination is how to ensure that the 
aperture and orientation rates are scaled to ensure completion in approximately the same 
time allowed by the transport phase. The coordination of these processes must be robust 
to allow natural adaptations when perturbations occur. We here introduce a neural net-
work model, based on the VITE model of trajectory generation [1, 2, 3, 4] that reproduces 
key features of reaching and grasping coordination. The proposals of this model are: 
(1) arm transport, hand aperture, and wrist orientation are parallel yet interdependent 
processes. Coupling from both transport and orientation to aperture quantify the influ-
ence that transport and orientation velocities exert on the magnitude of hand aperture. 
Therefore, larger maximum apertures associated with faster movements are generated as 
a consequence of those influences; (2) arm transport, hand aperture, and wrist orienta-
tion are gated by a common internal GO signal, which enables synchronous completion 
of reaching and grasping. No precomputation of component movement times is neces-
sary; (3) discrepancies between current perceived and internal representation of positions 
are detected by cells that transiently inhibit the volitional GO signal, thereby avoiding 
jerky motions and preserving temporal equifinality despite unexpected changes in target 
location, target size, or target orientation; ( 4) hand aperture evolves continually under the 
influence of a self-inhibition, due to passive biomechanical effects, that causes a tendency 
of the hand to close. This influence is especially manifested when there is no voluntary 
control acting on the hand, and is stronger for larger apertures. 
2.2 Heuristics 
The proposed circuit, illustrated in Fig. 1, works as follows. Subscripts T, A, and 0 stand 
for transport, aperture, and orientation. The differences between targets, Tj, and the in-
puts for perceived targets, 1;, are integrated by Ti cells. Differences between present posi-
tions, Pi, and Ii are registered in D;. Movement is initiated when the GO signal becomes 
active, triggering activation of velocity cells, v;. \f;s are integrated by their respective P;, 
but there is also influence from V:r and lfo over PA. Note that PA, unlike Pr and P0 , is in-
fluenced by strong self-inhibition (through inhibitory neuron!!.). This influence captures 
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the hypothesis that the hand always tends to return to a semiclosed or relaxed position, 
even when there is no volitional movement. Ei Cells represent discrepancies between 
perceived targets and internal representations of targets. If, after movement is initiated, 
any of the targets is modified, Ei cells will inhibit the GO signal, thereby slowing move-
ment execution and allowing time for corrections. Also, when there is no target in any 
of the lis, the corresponding T; will remain equal to P;, thereby allowing independent 
execution of any module. 
Figure 1: Reach-grasp coordination circuit. Links terminated by filled balls are inhibitory. 
Transport component. The transport component obeys 
J), = cy( -Dr -1- Tr- Pr), 
1i,r = av(-Vr -1- .1JoGz[.lh] 1 ), 
Pr = Vr, and 
:r:r = a(-Tr +h), 
(1) 
(2) 
(3) 
(4) 
where g0 and G2 are the gating amplitude and GO signal, respectively. Parameters cy and 
av were set to 30 and 300, respectively. 
Aperture component. The aperture component obeys 
1iA = ov( --VA + .1JoG2D A), 
])A = VA +eTA+ Coil- (1R, and 
t\ = n( --TA + IA), 
(5) 
(6) 
(7) 
(8) 
where CrA is the influence that transport velocity exerts on aperture and GoA is the influ-
ence that orientation velocity exerts on aperture. Note that PA undergoes self-inhibition 
through R, where il = a(-R + PA). The parameter associated with this self-inhibition, {1, 
was set to 3.5. It is important to observe in Eq. 6 that D A is not half-wave rectified. This 
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is a convenient simplification. Neural signals are typically half-wave rectified, and the 
present simplification could be replaced by a push-pull arrangement of two oppositely 
polarized half-wave rectified D A processes, as implemented in some other versions of 
VITE. 
Orientation component. This component obeys 
Do= a( -Do+ To- Po), 
1io = av(-Vo + .9oCz[Dof1 ), 
Po= Vo, and 
t) =a( -To+ Io). 
(9) 
(10) 
(11) 
(12) 
Note that the orientation component was introduced to account for studies on target ori-
entation perturbation [11]. If target orientation remains unaltered in a grasping task, the 
orientation component stays inactive and, therefore, has no effect on aperture formation. 
GO signal. The GO signal is the output, C2, of a cascade of two shunting cells, 
G, = --G, + (B- C,)k, - c, (tET + oEA + EEo), 
G2 = -G2 + (B- G2)G1- G2(!E-r + oEA +cEo), 
(13) 
(14) 
where B '~ 20, k1 = 0.01, 1 = 5, 5 = 15 and E = 10. Signals Br, E 4 , and B 11 are outputs of 
cells that register the discrepancies, if any, between current target parameter values and 
perceived targets. When location, orientation, or size targets are altered during reach to 
grasp execution, E1 signals allow such alterations to inhibit the GO signal momentarily, 
thereby slowing down the movement in proportion to current GO value and allowing 
time for corrections. Thus, movement time is lengthened whenever such disturbances 
occur. It is important to mention that there are two types of coupling: direct coupling, 
which is implemented by explicit state coupling terms in the aperture equations; and 
indirect parameter coupling, which is mediated via effects on the GO signal. 
Discrepancies between perceived and internal targets. 
E1 = o:( -B1 + abs(11 - 71)), (15) 
where i = {T, A, 0}. 
Coupling neurons. 
c;A =a( -CiA+ Pi V:r), (16) 
where j = i J A, and fJT ~' Po = 0.5. The coupling from V:r and Vo to P4 causes a maxi-
mum aperture that exceeds object size and scales with transport velocity and orientation 
change velocity. 
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3 Results 
Basic features of prehension. The model reproduced the basic features of a normal pre-
hension movement. Transport velocity exhibited a bell shaped velocity profile typical 
of point-to-point arm movements [1, 16]. The plot of hand aperture showed the hand 
opening to its maximum aperture, then decreasing until it reached object size. 
Zero vs. Large initial apertures. Saling et al's experiments [10] with normal (closed) 
or large initial apertures were simulated, and the model dynamics are depicted on the 
right-hand side of Fig. 2. 
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Figure 2: Zero vs. large initial apertures. Data plots are on the left (reproduced from [10]) 
and simulations on the right. Object sizes were 2.2 and 6.7 em. Object location was 30 em. 
Altered initial aperture was 11 em. GO amplitude was set to 60. 
Perturbations to object orientation. Simulations of object switching [11] were done. Paulig-
nan et al [11] reported lengthening of MT by 100 ms on average. When the perturbation 
was registered by the model at t = 180 ms, to reflect a visual processing delay, such a 
lengthening also occurred in the model. 
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Perturbations to object size. Simulation results of grasping when object size was unex-
pectedly perturbed [12] are illustrated in right column of Fig. 3. Aperture and aperture 
velocity are shown, for perturbed as well as for normal grasping. The perturbation was 
registered by the model at/; = 200 ms (not 180 ms), based on data [17] indicating slower 
visual processing in the object size than in the object location streams. 
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Figure 3: Perturbations to target size. Data plots are on the left (reproduced from [12]) 
and simulations on the right. Object sizes were 1.5 and 6 em. Object location was 35 em. 
GO amplitude was set to 40. 
For a full range of GO amplitudes, the model shows consistent relative timing of maximum 
apertures. Figure 4 portrays the timing of reaching to grasp components over various sim-
ulations using a full range of GO amplitudes. Increments of the GO amplitude increases 
the speed at which the grasp is made. The relative timing of occurrence of maximum 
aperture (70.6-75%,) is maintained over the range of speeds. 
For a full range of object sizes, the model shows consistent relative timing of maximum aper-
tures, as well as an emergent trend. Fig. 5 depicts the timing of the components of grasping 
when simulations were run over a full range of experimental object sizes. As in the previ-
ous figure, the relative timing of maximum aperture shows consistency with values found 
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Figure 4: Durations (msec) of transport, grasp, preshape and enclose for a range of GO 
amplitudes. Numbers on top of bars are transport and grasp durations. Numbers in-
side bars are preshape and enclose durations. Percentages reflect relative timing of MA 
with respect to transport time. Transport distance and object size were 24 and 2.2 em, 
respectively. 
in the literature (63.8-84'Yo). With regard to enclose time, there exists an emergent trend 
showing the enclose time decreasing as the object size increases. This is in accord with 
an empirical observation of Hofsten and Riinnqvist [18] The reason behind this trend in 
the model is that although the maximum aperture increases linearly with object size, the 
slope (at 0.65) is less than one, so the aperture overshoot is signficantly less for a large 
than for a small object. Thus the distance to be travelled in the final closure is actually 
less for grasping large objects than small objects. Castiello et a! [19] also observed that 
when grasping objects of different sizes, the maximum aperture occured later for a larger 
object. Since occurence of maximum aperture marks the beginning of the enclose time, it 
is possible to consider Castiello et a!' s observation as implicating that enclosing times are 
longer for smaller objects, which confirms the above studies and the simulations. 
Also, Figs. 4 and 5 show other data-consistent properties of the model, such as larger 
MAs for faster movements [9] and larger MAs for larger targets. 
4 Discussion 
Successful prehension across a wide range of contexts requires adaptive coordination be-
tween the different mechanical degrees of freedom that contribute to the act. Across acts 
of prehension, objects of grasp change in their positions relative to the body, their orienta-
tions relative to the body, their sizes, their shapes, and their mechanical properties, such 
as surface friction, compressibility and mass distribution. In this paper, we have focused 
on three aspects of the kinematic control and coordination problems -transport, orienta-
tion, and aperture- that respectively arise from object variations in position, orientation, 
and size. It was argued that VITE-type trajectory generators based on gated integration 
9 
ODJECT SIZE (em) 
Figure 5: Durations (msec) of transport, grasp, preshape and enclose for a range of object 
sizes. Numbers on top of bars are transport and grasp durations. Numbers inside bars are 
preshape and enclose durations. Percentages reflect relative timing of MA with respect to 
transport time. Transport distance was set to 24 em. GO amplitude was set to 40. 
of difference vectors computed between desired and current states could provide the fun-
damental competence needed to adapt to the three types of object variations addressed. 
Any three controllers acting on a single system like the hand-arm are of necessity coupled 
by mechanical interactions if they are sensitive to evolving feedback signals. However, in 
this study, we ignored such interactions in order to focus on the question of what internal 
couplings, within the command system itself, could serve as a basis for robust responses 
to object variations. In principle, multiple controllers acting in parallel could be spa-
tially coupled, temporally coupled, or both. Moreover, such coupling could occur only at 
selected times, or continuously. In the Hoff and Arbib model, there was no spatial cou-
pling, and the temporal coupling occurred only prior to movement onset. In the Haggard 
and Wing model, there was continuous spatial coupling but no temporal coupling. The 
model proposed here employs continuous temporal and spatio-temporal (velocity) cou-
pling, and in that sense adopts ideas from both prior models. However, using the VITE 
generator as a basis allowed a solution that eliminated any need for pre-computation of 
component times (as in the Hoff and Arbib) or for a two-stage construction of realistic 
velocity profiles (as in the Haggard and Wing model). In particular, temporal coupling 
was achieved by using a common GO signal to control the onset, perturbation-induced 
slowing, and normative speeding of the vector integration process in all three controllers. 
Provided that this GO signal grows during the prehension movement, it provides a ro-
bust basis for temporal equifinality [2] of the controller cycles, and thus for synchronous 
termination of transport, hand reorientation, and aperture closure to grasp the object. A 
notable property is that this design easily and automatically compensates for variability 
in sensory processing delays. For example, it can autocompensate if, as reported empiri-
cally, the pathway computing object location is faster than that computing object size. 
Regarding spatial coupling, a surprising finding of our simulations was that there was 
no need, as in the Hoff and Arbib model, to sequentially program separate "maximum" 
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and "final" apertures for the hand. Instead, it sufficed to allow the transport and orienta-
tion velocity control signals to have a proportionate effect on the hand aperture. Spatial 
cross-coupling via these signals naturally causes a transient hand aperture overshoot that 
is larger in movements with faster transport or faster re-orientations. Both compensations 
serve the purpose of helping to avoid contact of the hand with the object before the fingers 
are ready to close upon it. The speed-accuracy tradeoff that characterizes all movements 
implies that fast transport or reorientation movements will be less accurate. This reduced 
accuracy raises the risk of hand collision with the object "on the way in", a risk that can 
be avoided by increasing aperture. 
Because arm position and wrist orientation affect the hand significantly, but not vice-
versa, there was no reason to introduce reciprocal links from aperture velocity to the other 
two controllers. Thus the model connectivity is not symmetrical. Another aspect of bro-
ken symmetry in the model is the assumption of a spontaneous relaxation of the aperture 
to a closed resting position. Although implemented nominally as a central process, our 
thesis is that it reflects a passive biomechanical factor. Such passive closure seems more 
natural than active closure as an explanation of the transient early overshoot of aperture 
reduction in the "altered" trials of [10]. 
These simple provisions for temporal and spatio-temporal coupling allowed the model 
to recreate all the cited empirical trends regarding aperture size variations and relative 
timing of maximum aperture vis-a-vis the transport MT. Moreover, the model was able to 
provide a good appoximation of the qualitative dynamics exhibited by the full range of 
movements treated. 
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